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Uncoupling protein 1+ beige adipocytes are dynamically
regulated by environment in rodents and humans; cold in-
duces formation of beige adipocytes, whereaswarm temper-
ature and nutrient excess lead to their disappearance. Beige
adipocytes can form through de novo adipogenesis; how-
ever, how “beiging” characteristics are maintained after-
ward is largely unknown. In this study, we show that beige
adipocytes formed postnatally in subcutaneous inguinal
white adipose tissue lost thermogenic gene expression and
multilocular morphology at the adult stage, but cold restored
their beiging characteristics, a phenomenon termed beige
adipocyte renaissance. Ablation of these postnatal beige ad-
ipocytes inhibited cold-induced beige adipocyte formation in
adult mice. Furthermore, we demonstrated that beige ad-
ipocyte renaissance was governed by liver kinase b1 and
histone deacetylase 4 in white adipocytes. Although nei-
ther presence nor thermogenic function of uncoupling pro-
tein 1+ beige adipocytes contributed to metabolic fitness
in adipocyte liver kinase b1–deficient mice, our results
reveal an unexpected role of white adipocytes in maintain-
ing properties of preexisting beige adipocytes.
Energy balance requires equivalent energy intake and energy
expenditure, and when energy intake exceeds energy expen-
diture, animals store excess energy as fat in adipose and
other metabolic tissues. Chronic energy excess can lead to
obesity and further development into type 2 diabetes (1).
Adaptive thermogenesis, a major contributor of total energy
expenditure, occurs mostly in brown fat (2), which contains
specialized mitochondria-rich brown adipocytes for which
thermogenic functionality is conferred by the uncoupling
protein 1 (UCP1) (3,4). The presence of thermogenic UCP1+
fat depots in adult humans has been recognized recently
using 18F-fluorodeoxyglucose positron emission tomogra-
phy scan (5–7). In small rodents such as mice and rats,
two types of UCP1+ adipocytes have been distinguished
by their localization and developmental origin. Classic,
also called constitutive, brown adipocytes are present in
interscapular and perirenal adipose tissues, and they origi-
nate from Myf5+/Pax7+ skeletal muscle progenitors (8). In
contrast, Ucp1+ multilocular adipocytes are also found scat-
tered within white adipose tissue (WAT) in response to
b-adrenergic (bAR) stimulation (9–13). These Ucp1+ multi-
locular brown adipocytes in WAT are called beige adipocytes
(or inducible brown adipocytes), although the multilocular
morphology and Ucp1 expression are not always coupled
(14,15). Notably, beige adipocytes in WAT are functionally
identical as brown adipocytes in interscapular brown adi-
pose tissue (iBAT) at the single-cell level. Indeed, the mito-
chondria from Ucp1+ multilocular adipocytes in inguinal
WAT (iWAT) and brown adipocytes in iBAT process similar
thermogenic capacity in vitro (4).
The beige adipocyte formation is dominantly determined
by the strength of bAR signaling in white adipose tissues,
including amounts of catecholamines, bAR abundance, and
its intracellular signaling on target cells. Various sources can
release catecholamines to induce browning. Sympathetic
activation by cold and hormones has been recognized to
be a dominant driver of beige adipocyte recruitment in both
rodents and humans (16). Myeloid cells can synthesize and
secrete catecholamines to induce browning, especially under
thermoneutral condition in mice (17). Moreover, excess
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catecholamine secretion by adrenal chromaffin cells in pa-
tients with pheochromocytoma also causes extensive beige
adipocyte formation (18). Additionally, increasing bAR sig-
naling by overexpressing Adrb1 could promote beige adipocyte
formation (19). Human UCP1+ adipocytes are found in in-
dividuals exposed to cold environment, but their appear-
ances are negatively correlated with aging and obesity; this
feature resembles the plasticity of beige adipocytes in mice
(20–24). Therefore, increasing beige adipocyte abundance
has been considered as an attractive approach to promote
metabolic health.
Besides the beige adipocyte population observed in adult
mice, substantial amounts of beige adipocytes are present in
3-week-old pups during postnatal development (22). How-
ever, the relationship between beige adipocytes formed
postnatally and upon cold stimulation in adult stage is
not determined. We have found that the beige adipocytes
formed postnatally gradually lost their beiging properties in
adulthood, and cold stimulation can induce restoration of
their beiging properties, a process we termed beige adipo-
cyte renaissance. Liver kinase b1 (Lkb1) and salt-inducible
kinases (SIKs) suppressed bAR-induced histone deacetylase
4 (Hdac4) signaling in hepatocytes (25,26) and fat body in
Drosophila (26,27), although their roles in beige adipocyte
homeostasis are unknown. In this study, we showed that,
specifically, deletion of Lkb1 in adipocytes, not in brown
and beige adipocytes themselves, led to a sustained beige
adipocyte population regardless of bAR stimulation. Fur-
thermore, loss of adipocyte Hdac4 in adipocyte Lkb1 knock-
out (Lkb1AKO) mice reversed the persistent beige adipocyte
expansion phenotype. Lkb1AKO mice were protected against
high-fat diet (HFD)–induced obesity and insulin resistance.
However, these metabolic benefits were not because of ex-
panded beige adipocytes or Ucp1-dependent thermogenesis.
Our results reveal that white adipocytes play an important
role in beige adipocyte maintenance, and further studies are
warranted to investigate whether targeting beige adipocyte
renaissance could improve metabolic homeostasis.
RESEARCH DESIGN AND METHODS
Mice
All animal experiments were approved by the University of
California, San Francisco Institutional Animal Care and Use
Committee in adherence to National Institutes of Health
guidelines and policies. Adiponectin-Cre (JAX#010803),
Rosa-iDTR (JAX#007900), and Lkb1f/f (JAX#014143) were
obtained from The Jackson Laboratory. Hdac4f/f and
Ucp1-Cre (JAX#024670) mice were provided by Drs. Eric
Olson and Evan Rosen. Mice were in the C57Bl/6J back-
ground, and both sexes were analyzed in this study. Additional
mice were described in the experimental procedures sec-
tion of the Supplementary Data.
Beige Adipocyte Ablation
Three-week-old male or female mice were administrated
with a single diphtheria toxin (DT) injection intraperitoneally
at the dose of 10–25 ng/mouse (Biological Laboratories Inc.).
Accession Numbers
The accession number for RNA-sequencing (RNA-seq)
data reported in the article is Gene Expression Omnibus
GSE85335.
RESULTS
Beige Adipocytes Formed Postnatally Perdure but Lose
Beiging Characteristics in Adulthood
In iWAT, Ucp1 expression was absent in the early postnatal
period (,2 weeks of age). However, it reached a peak in
3-week-old pups and gradually reduced to baseline in
8-week-old adult mice. Cold stimulation could restore Ucp1
expression (Fig. 1A) (22,28). Immunoblots confirmed the
gradual decline of Ucp1 protein levels from 3 to 8 weeks
of age and the reappearance after 7-day cold stimulation in
8-week-old mice (Fig. 1B). Ucp1 expression correlated with
beige adipocyte abundance; hematoxylin and eosin (H&E)
staining and Ucp1 immunostaining confirmed that ;30%
of cells were the multilocular beige adipocytes in 3-week-old
pups and cold-treated adult mice (Fig. 1C and Supplemen-
tary Fig. 1A and B), consistent with a previous report (24).
These beige adipocytes formed during postnatal develop-
ment were referred as postnatal beige adipocytes. To trace
the fate of postnatal beige adipocytes in iWAT, we per-
formed Ucp1 immunofluorescence staining on Ucp1-Cre;
Rosa-mT/mG mice, in which past and current Ucp1+ adipo-
cytes were permanently labeled with membrane-targeted
green fluorescent protein. At 1 week of age, Ucp1-Cre was
not expressed in iWAT, indicated by the absence of GFP+ or
Ucp1+ cells (Fig. 1D). In contrast, all brown adipocytes in
iBAT were GFP+ (meaning Ucp1+), whereas white adipo-
cytes in epididymal WAT (eWAT) were GFP2 (meaning
Ucp12) (Supplementary Fig. 1C and D). At 3 weeks of
age, ;30% of cells in iWAT were GFP+;Ucp1+ with multi-
locular morphology (Fig. 1E and G). Although these GFP+
cells were still present in adults (at 8 weeks of age), they
were no longer Ucp1+ anymore (Fig. 1F and G), suggesting
that the postnatal beige adipocytes in iWAT lost their beiging
characteristics in the adult stage. Although ambient temper-
ature and nutrient status from birth to weaning can tem-
porally affect the abundance of postnatal beige adipocytes,
the responsiveness of cold-induced beige adipocyte expan-
sion in adulthood remains intact (29,30), suggesting that
the plasticity of postnatal beige adipocytes is genetically
controlled.
Beige Adipocyte Renaissance: Restoring Beiging
Characteristics in Postnatal Beige Adipocytes in
Response to Cold
Beige adipocytes can reappear in iWAT of adult mice under
bAR stimulation (16,31). For example, 8°C cold stimulation
for 1 week drastically increased Ucp1 expression and induced
the formation of multilocular beige adipocytes in iWAT (Fig.
1A and C). Next, we used an Ucp1-Cre inducible DT recep-
tor (iDTR)–mediated cell ablation system (32) (Fig. 2A) to
determine whether postnatal beige adipocytes and cold-
induced beige adipocytes were the same cell population.
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In this system, current and past Ucp1+ adipocytes express
iDTR and can be ablated by DT injection. The iDTR expres-
sion correlated with Ucp1 expression in iWAT of Ucp1-Cre;
Rosa-iDTR (abbreviated as Cre+) pups until 3 weeks of age
(Supplementary Fig. 2A and B). However, iDTR retained,
whereas Ucp1 dropped to baseline in 8-week-old mice (Sup-
plementary Fig. 2A and B), which was consistent with the
observations in Ucp1-Cre;Rosa-mT/mG lineage tracing
experiments (Fig. 1D–F). In 3-week-old Cre+ pups, 3-day
post-DT administration successfully ablated beige adipo-
cytes, as Ucp1, Cidea, and Cox8b mRNA levels were signif-
icantly reduced in iWAT (Fig. 2B). Ucp1 protein levels in
iWAT were also reduced after DT administration (Fig. 2C).
Indeed, the ratios of lipid droplets to nuclei correlated with
Ucp1 mRNA levels in iWAT before or after DT administra-
tion (Fig. 2B and Supplementary Fig. 3B), confirming that
multilocular Ucp1+ beige adipocytes were ablated in iWAT.
The thermogenic gene expression in iWAT remained low
at 8 weeks of age (Fig. 2C), and the beige adipocytes were
absent in iWAT by H&E staining and perilipin immunohis-
tochemistry (Fig. 2D and Supplementary Fig. 3A). More-
over, increased macrophage markers Arg1, Cd68, and Emr1
in iWAT were only evident in the 3-day post-DT group
(absent in 5-week post-DT group) (Supplementary Fig. 4A),
suggesting there was transient macrophage infiltration
after DT-induced beige adipocyte ablation in iWAT.
Ucp1-Cre was also active in brown adipocytes in iBAT.
Indeed, Cre+ mice had increased macrophage infiltration
and reduced Ucp1 expression in iBAT 3-day post-DT admin-
istration, and their core temperature dropped 8°C during
the first hour of cold exposure (Supplementary Figs. 4B and
5A–C). However, 1 week post-DT injection, Ucp1 expression
went back to normal levels in Cre+ mice (Supplementary
Fig. 5C and D), and they regained cold resistance (Supple-
mentary Fig. 5B–D). Histology analysis also revealed a
progressive regeneration of iBAT (Supplementary Fig. 5E).
Thus, iBAT exhibited rapid regeneration upon ablation. The
differential responses of brown and beige adipocytes after
ablation may be because of the fact that iBAT is the first
defense mechanism for hypothermia. Once a functional
iBAT has been regenerated, there is no need to regenerate
beige adipocyte for the thermogenic purpose. Therefore, the
Ucp1-Cre;Rosa-iDTR ablation model offers us an opportu-
nity to specifically manipulate postnatal beige adipocytes
in vivo.
We then used this ablation model to address the
contribution of postnatal beige adipocytes to cold-induced
beige adipocyte expansion in adult mice. We administered
Figure 1—Beige adipocyte dynamics in iWAT. A: Quantitative PCR analysis of Ucp1 mRNA levels in iWAT from wild-type B6 male and female
mice at different ages and under 8°C cold treatment. n = 3–10. B: Immunoblots showing protein amounts of Ucp1 and Hsp90 in iWAT from B6
male and female mice at different ages. C: Representative H&E staining of iWAT from 1-, 3-, and 8-week-old mice and after 7-day 8°C cold
treatment. Insets: arrows showing multilocular beige adipocytes. Scale bar: 50 mm. Confocal images of membrane GFP (mG), membrane
Tomato (mT), and Ucp1 (by immunostaining) in iWAT from 1- (D), 3- (E), and 8- (F) week-old Ucp1-Cre;Rosa-mT/mGmice. Yellow boxed inserts
are shown at higher magnification below each image. Scale bars: 100 mm (20 mm for inserts). G: Statistics of GFP+ and Ucp1+ adipocytes at
3 and 8 weeks of age. Student t test: **P < 0.01.
2954 Lkb1 Regulates Beige Adipocyte Renaissance Diabetes Volume 66, December 2017
DT in Cre2 and Cre+ mice at 3 weeks of age to ablate post-
natal beige adipocytes, followed by injection of CL316243
(a b3-specific agonist [CL]) for 4 or 7 consecutive days at
8 weeks of age. Although CL strongly induced Ucp1, Cidea,
and Cox8b mRNA levels in iWAT from Cre2 mice, its effect
in beige-ablated Cre+ mice was attenuated (Fig. 2E). This
observation indicated that CL restored Ucp1 and expression
of other thermogenic genes in postnatal beige adipocytes. A
similar result was obtained in 7-day 8°C cold stimulation
(Fig. 2E). However, longer cold stimulation (14 days at 8°C) did
induce Ucp1 expression in beige-ablated Cre+ mice (Fig. 2E).
This could be because of induction of beige adipocyte adipo-
genesis from progenitors in adult mice (33–35), which might
occur independently of beige adipocyte renaissance. The
Pdgfra+Sca1+ progenitors were responsible for cold-induced
beige adipocyte adipogenesis (31,36). These progenitors
were present in iWAT and iBAT before and after beige adi-
pocyte ablation (Supplementary Fig. 6A and B), suggesting
that they may contribute to the cold-induced beige adi-
pocyte adipogenesis in iWAT and BAT regeneration after
DT-mediated ablation. In contrast, both CL and cold in-
duced eWAT Ucp1 expression similarly in postnatal beige
adipocyte ablated and nonablated mice (Supplementary Fig. 7),
suggesting the involvement of de novo adipogenesis in
cold-induced beige adipocyte formation in epididymal fat
depot.
Collectively, there are two consecutive waves of beige
adipocyte formation in iWAT; the first one is because of de
novo adipogenesis (genesis) during postnatal develop-
ment and peaks at 3 weeks of age, and the other one is
through restoring the beige characteristics in the post-
natal beige adipocytes by bAR stimulation at adult stage
(renaissance) (Fig. 2F). Notably, beige adipocyte renaissance
and de novo beige adipogenesis are not mutually exclusive;
thus, new beige adipocytes did form in response to cold
in beige-ablated mice, but to a lower degree.
Figure 2—Beige adipocyte renaissance in response to cold in adult mice. A: Schematic of the beige adipocyte ablation mouse model. Ucp1-Cre
mice were crossed with Rosa-iDTR mice to generate Ucp1-Cre;Rosa-iDTR mice. B: Quantitative PCR analysis of mRNA levels of thermogenic
genes Ucp1, Cidea, and Cox8b in iWAT from Rosa-iDTR (Cre2) and Ucp1-Cre;Rosa-iDTR (Cre+) mice before and post-DT administration. DT
was injected at 3 weeks of age. Sample sizes: No DT Cre2 (n = 5), No DT Cre+ (n = 4), 3 days (3d) post-DT Cre2 (n = 13), 3d post-DT Cre+ (n = 8),
5 weeks (5w) post-DT Cre2 (n = 6), and 5w post-DT Cre+ (n = 6). Both male and female mice were used. C: Immunoblots of Ucp1 and Hsp90 in
iWAT from Cre2 and Cre+ mice at indicated time points. D: Representative H&E staining of iWAT from Cre2 and Cre+ mice at indicated time
points. Scale bar: 200 mm. Arrows: multilocular beige adipocytes. E: Quantitative PCR analysis of Ucp1, Cidea, and Cox8bmRNA levels in iWAT
from;8-week-old male and female Cre2 and Cre+ mice treated with PBS or CL (0.2 mg/kg for 4 consecutive days or 1 mg/kg for 7 consecutive
days) for 7 or 14 days at 8°C. DT was injected at 3 weeks of age. Sample sizes: PBS Cre2 (n = 6), PBS Cre+ (n = 4), 4 days (4d)_CL Cre2 (n = 5),
4d_CL Cre+ (n = 5), 7 days (7d)_CL Cre2 (n = 6), 7d_CL Cre+ (n = 4), 7d_Cold Cre2 (n = 9), 7d_Cold Cre+ (n = 9), 14 days (14d)_Cold Cre2 (n = 6),
and 14d_Cold Cre+ (n = 6). F: Diagram showing the life of beige adipocyte. Genesis refers to de novo beige adipocyte formation from progenitors
during postnatal phase, whereas renaissance refers to the process of once Ucp1+ white adipocytes regaining beiging properties (Ucp1 and other
thermogenic gene expression and multilocular morphology) upon cold in adult mice. Student t test: ns, not significant; *P< 0.05; **P< 0.01.
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SIKs and Lkb1 Suppress Beige Adipocyte Renaissance
bAR stimulation elevates secondary messenger cyclic aden-
osine monophosphate/cAMP levels and induces transcrip-
tional program in target cells. Previously, we have shown that
SIKs, a family of AMPK-related kinases, suppress cAMP-
induced transcriptional program by phosphorylation
and inhibition of two distinct classes of transcription co-
factors: CREB-regulated transcription coactivators and
class IIa HDACs (26,37,38). This SIK-dependent regulation
of cAMP transcriptional response is conserved in Caenorhab-
ditis elegans, Drosophila, and mammals, and all SIK members
contain a conserved cAMP-dependent protein kinase (PKA)
phosphorylation site at their COOH-terminal (25,39) (Sup-
plementary Fig. 8A and B). Mammalian SIK family contains
three members: Sik1, -2, and -3. Sik2 was highly expressed
in mature adipocytes compared with stromal vascular frac-
tion cells from various depots, whereas Sik1 and Sik3 were
expressed at lower levels in mature adipocytes (Supplemen-
tary Fig. 8C). Although roles of SIKs in adipose have been
explored (40,41), whether SIKs regulate beige adipocyte
formation remains unknown. We investigated thermogenic
gene expression in iWAT from SIK-deficient animals. Nei-
ther Sik1 nor Sik2 global KO mice exhibited obvious changes
in Ucp1 expression in iWAT (data not shown), reflecting
functional compensation between SIK members. However,
we did observe elevated Ucp1 expression in iWAT of 8-week-
old Sik1;Sik2 KO mice without affecting PKA signaling
(Supplementary Fig. 8D and E), suggesting that SIKs were
downstream components of bAR signaling, and they sup-
pressed Ucp1 expression in iWAT. In contrast, adipocyte
AMPK-deficient mice exhibited attenuated browning poten-
tial in response to CL stimulation in iWAT (42), suggesting
that AMPK and SIKs differentially regulated beige adipocyte
expansion in iWAT.
Because the Sik1;Sik2 KO mice used in this study were
global KO models, we could not rule out the possibility that
SIK deficiency in other tissues contributed to beige
adipocyte renaissance in iWAT. We and others (26,27)
have shown that liver kinase b1/Lkb1-mediated phosphor-
ylation of a conserved Thr residue in the activating loop of
SIK kinase domain was required for SIK activation. We used
Adiponectin-Cre to generate Adiponectin-Cre;Lkb1f/f
(Lkb1AKO mice), in which Lkb1 was specifically deleted in
adipose tissues, such as iBAT, iWAT, and eWAT (Supple-
mentary Fig. 9A). Lkb1 expression in other tissues (liver,
spleen, kidney, lung, brain, gut, and heart) was not affected
(Supplementary Fig. 9B). AMPK is another known Lkb1
substrate, and AMPK and its substrate ACC were hypophos-
phorylated in iWAT of Lkb1AKO mice (Supplementary Fig. 9B),
confirming the absence of Lkb1 signaling in iWAT of
Lkb1AKO mice. We also use Ucp1-Cre to generate Ucp1-Cre;
Lkb1f/f (Lkb1BKO mice) to delete Lkb1 in brown and beige
adipocytes only. We did not observe a difference in Ucp1
expression or beige adipocyte abundance in 3-week-old
Lkb1AKO and Lkb1BKO pups (Fig. 3A–C and Supplementary
Fig. 10B). We further investigated whether Lkb1 deletion
in adipocytes affects beige adipocyte homeostasis in adult
mice. At ;8 weeks of age, Lkb1AKO mice exhibited an in-
crease of Ucp1 mRNA and protein levels and a substantial
population of beige adipocytes in iWAT compared with con-
trol mice (Fig. 3A–C). Other thermogenic genes (Cox8b,
Cidea, and Dio2) were also elevated in iWAT (Supplementary
Fig. 10A). In contrast, increased Ucp1 expression and ex-
panded beige population in iWAT were not observed in
adult Lkb1BKO mice (Fig. 3A and Supplementary Fig. 10B).
Constant bAR stimulation is necessary to induce and
sustain beige adipocyte population in rodents and humans.
As shown in Fig. 3D, 4-day consecutively intraperitoneal
injection of CL induced Ucp1 expression and beige adipocyte
formation, and this effect was lost after 4-day recovery
period (without CL). Surprisingly, the CL administration
did not further increase iWAT Ucp1 expression in Lkb1AKO
mice, and Ucp1 expression was not diminished during the
recovery phase (Fig. 3D). Similarly, iWAT Ucp1 expression
in Lkb1AKO mice was largely unchanged upon either cold
stimulation (8°C for 7 days) or withdrawn from the cold
environment (7 and 14 days at room temperature after 8°C
cold stimulation) (Fig. 3D and F). Hence, beiging character-
istics of beige adipocytes, transient in nature, were persis-
tently present in Lkb1AKO mice regardless of cold stimulation.
Furthermore, this persistent beige adipocyte expansion did
not require Lkb1 signaling in beige adipocytes themselves,
as Lkb1BKO mice showed dynamic beige adipocyte profile
similar to control mice (Fig. 3E). Therefore, Lkb1 deficiency
in white adipocytes led to persistent beige adipocyte renais-
sance in adult mice noncell autonomously. In the same
setting, Ucp1 expression in eWAT was upregulated by CL
and dropped to baseline after recovery in both Lkb1AKO
and control mice, suggesting there are two different mech-
anisms for cold-induced beige adipocyte formation in iWAT
and eWAT (Supplementary Fig. 10C).
Notably, iWAT Ucp1 expression declined in Lkb1AKO
mice after 2 weeks on thermoneutrality (Fig. 4A), suggest-
ing that the absence of cold-induced sympathetic nervous
system (SNS) activity totally blocked beige adipocyte forma-
tion in Lkb1AKO mice. However, there was no change of
PKA activity in iWAT from Lkb1AKO mice (also in Lkb1BKO
mice) at 8 weeks of age at room temperature (Fig. 4B),
suggesting that the appearance of beige adipocytes in
Lkb1AKO mice was not because of an increase of SNS activ-
ity in iWAT. This observation was also further confirmed by
no changes in tissue catecholamine levels (Fig. 4C) or sym-
pathetic nerve density (by tyrosine hydroxylase immunos-
taining) in iWAT of Lkb1AKO mice (Fig. 4D and E). Collectively,
at thermoneutrality (with no thermal stress), there is no
beige adipocyte in both control and Lkb1AKO mice, be-
cause of lack of SNS activity and catecholamines, whereas
at room temperature (with mild thermal stress for mice),
Lkb1 deficiency in white adipocytes augments intracellular
PKA-dependent transcriptional response and triggers
beige adipocyte expansion in iWAT without increasing up-
stream PKA activity. Therefore, Lkb1 is functioning as a
brake to suppress bAR–PKA signaling in white adipocyte
during beige adipocyte renaissance.
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Lkb1 Suppresses Beige Adipocyte Renaissance
Through Hdac4 Inhibition
We and others (26) have shown that deletion of class IIa
HDAC4 fully rescued phenotypes of SIK3 and Lkb1 mutants in
Drosophila. Indeed, we observed that CL stimulation in-
duced Sik2 phosphorylation at Ser587 and Hdac4 dephos-
phorylation at Ser245 in iWAT (Fig. 5A). Hdac4 was also
hypophosphorylated in adipocytes from iWAT of Lkb1AKO
mice (Fig. 5B). We then examined whether adipocyte class
IIa Hdac4 activation was required for beige adipocyte ex-
pansion in Lkb1AKO mice. The adipocyte Lkb1;Hdac4 double
KO (abbreviated as Lkb1;Hdac4AKO) mice had no expanded
beige adipocytes in iWAT, similar to wild-type and adipocyte
Hdac4 KO (Adiponectin-Cre;Hdac4f/f, abbreviated as
Hdac4AKO) mice (Fig. 5C). In addition, Lkb1;Hdac4AKO mice
regained responsiveness to cold and cold plus recovery re-
garding Ucp1 expression, similar to wild-type and Hdac4AKO
mice (Fig. 5D). Furthermore, RNA-seq analysis revealed that
436 genes were upregulated in iWAT of 8-week-old Lkb1AKO
mice at normal chow (NC), and ;40% of these genes were
regulated in an Hdac4-dependent fashion (Fig. 5E and F
and Supplementary Table 2). The top five gene ontology
categories of Hdac4-dependent transcripts that were upre-
gulated in Lkb1AKO mice included mitochondrial metabolic
and muscle development processes (Fig. 5G). We further
confirmed that adipocyte Hdac4 deficiency rescued or par-
tially rescued elevated expression levels of some thermo-
genic signature genes (including Ucp1, Dio2, and Cidea)
and metabolic genes (including Cox7a1, Acaa2, Gyk, Ldhd,
and Scl27a1) in Lkb1AKO mice (Fig. 5H). All data in this
study suggest that Hdac4 is indeed a key downstream
component of Lkb1 signaling in adipocytes regulating beige
adipocyte renaissance in iWAT.
Lkb1AKO Mice Exhibit Improved Metabolic Performance
Under HFD Regardless of Beige Adipocyte Expansion
and Ucp1-Mediated Thermogenesis
We next investigated whether deletion of Lkb1 in adipo-
cytes affected metabolic performance. We did not observe
noticeable metabolic changes in Lkb1AKO mice under NC
condition. Compared with controls, Lkb1AKO mice had iden-
tical growth rates until ;6 months of age, similar fasting
glucose, and insulin sensitivity (Supplementary Fig. 11A–C).
In vitro lipolysis rate and CL-induced free fatty acid release
in vivo were not affected in Lkb1AKO mice (Supplementary
Fig. 11D and E), which was consistent with previous obser-
vation that PKA activity was not altered in Lkb1AKO mice
(Fig. 4B). Comprehensive Lab Animal Monitoring System
(CLAMS) studies indicated that Lkb1AKO mice had similar
energy expenditure, respiratory exchange ratio, food intake,
Figure 3—Lkb1 in white adipocyte suppresses beige adipocyte renaissance. A: Quantitative PCR (q-PCR) analysis of Ucp1 mRNA levels in
iWAT from male Lkb1f/f (CON), Lkb1AKO, and Lkb1BKO mice at 1, 3, and 8 weeks of age. Sample sizes: 1w) CON (n = 17), 1w Lkb1AKO (n = 4), 1w
Lkb1BKO (n = 6), 3w CON (n = 14), 3w Lkb1AKO (n = 13), 3w Lkb1BKO (n = 2), 8w CON (n = 12), 8w Lkb1AKO (n = 9), and 8w Lkb1BKO (n = 3). B:
Immunoblots showing protein amounts of Ucp1 and Hsp90 in iWAT from 3- and 8-week-old male CON and Lkb1AKO mice. C: Representative
H&E staining of iWAT from 3- and 8-week-old CON and Lkb1AKO male mice. Scale bar: 50 mm. D: q-PCR analysis of Ucp1mRNA levels in iWAT
from 8-week-old male and female CON and Lkb1AKO mice at different conditions. CL: 0.2 mg/kg for 4 days; CL+4d recovery: CL injections
followed by 4 days without CL; Cold: 8°C for 7 days; Cold+7d (or 14d) recovery: 8°C cold followed by 7 (or 14) days at room temperature.
Sample sizes: PBS CON (n = 16), PBS Lkb1AKO (n = 13), CL CON (n = 5), CL Lkb1AKO (n = 3), CL+4d recovery CON (n = 4), CL+4d recovery
Lkb1AKO (n = 5), Cold CON (n = 14), Cold Lkb1AKO (n = 10), Cold+7d recovery CON (n = 3), Cold+7d recovery Lkb1AKO (n = 5), Cold+14d recovery
CON (n = 3), and Cold+14d recovery Lkb1AKO (n = 5). E: q-PCR analysis of Ucp1 mRNA levels in iWAT from 8-week-old male and female CON
and Lkb1BKO mice after CL and CL plus 4-day recovery conditions. Sample sizes: CL CON (n = 14), CL Lkb1BKO (n = 6), CL+4d recovery CON
(n = 6), and CL+4d recovery Lkb1BKO (n = 9). F: Representative H&E staining of iWAT from 8-week-old male CON and Lkb1AKO mice at cold and
cold plus 7-day recovery conditions. Scale bar: 50 mm. Arrows indicate multilocular beige adipocytes. Student t test: ns, not significant; *P< 0.05;
**P < 0.01.
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physical activity, and other parameters compared with their
control littermates (Supplementary Fig. 12A–L).
HFD feeding can whiten the beige adipocyte. Interest-
ingly, the beige adipocyte population in Lkb1AKO mice even
persisted after 4 to 5 weeks of HFD feeding (Fig. 6A and B). In
fact, enhanced expression of thermogenic genes Ucp1, Dio2,
and Pgc1a in both NC and HFD conditions was also ob-
served through screening of the expression levels of ;200
key genes involved in adipogenesis and lipid metabolism
pathways (Supplementary Fig. 13A). Furthermore, the ther-
mogenic gene signature identified by RNA-seq from
Lkb1AKO mice at NC was also present after HFD (Supple-
mentary Fig. 13B). Because substantial beige adipocyte pop-
ulation was absent in Lkb1BKO mice (Fig. 6A and B), we then
compared metabolic performance of Lkb1AKO and Lkb1BKO
mice under short-term HFD. Surprisingly, both Lkb1AKO
and Lkb1BKO mice showed reduced weight gain under
HFD and similar insulin resistance (Fig. 6C–E). CLAMS
studies of Lkb1AKO mice after HFD showed no differences
in organismal oxygen consumption (when normalized per
lean body weight or per animal), respiratory exchange ratio,
and food intake (Supplementary Fig. 14A–C), although there
was a slight increase of physical activities (Supplementary
Fig. 14D–F). There were no differences in fasting glucose,
serum insulin, and free fatty acid levels in Lkb1AKO mice under
short-term HFD (Supplementary Fig. 15A–C).
We have shown previously that Hdac4 was required for
beige adipocyte expansion in Lkb1AKO mice. Lkb1;Hdac4AKO
mice did not have expanded beige adipocytes (Fig. 5C and
D); however, they still showed reduced adiposity and im-
proved insulin sensitivity (Fig. 6F–H). No differences were
observed in Hdac4AKO mice compared with control mice.
Therefore, beige adipocytes do not contribute to metabolic
benefits in Lkb1AKO mice.
To further determine whether Ucp1-mediated adaptive
thermogenesis was required for adiposity phenotype of
Lkb1AKO mice under HFD, we then generated Lkb1AKO mice
in Ucp1 KO background (Lkb1AKO;Ucp1 KO mice). Lkb1AKO;
Ucp1 KO mice still maintained multilocular beige adipocytes
in iWAT under HFD, consistent with elevated thermogenic gene
expression (Dio2, Cox8b, Cidea, and Pgc1a) (Fig. 7A and B).
They also showed reduced adiposity under HFD (Fig. 7C
and D). Therefore, we conclude that Ucp1-dependent ther-
mogenesis do not contribute to leanness in Lkb1AKO mice
under HFD. Taken together, comparison of the metabolic
performance of Lkb1AKO mice (with beige expansion) with
Lkb1BKO (without beige expansion), Lkb1;Hdac4AKO (with-
out beige expansion), and Lkb1AKO;Ucp1 KOmice (without
Ucp1-mediated adaptive thermogenesis) further suggests
that neither beige adipocytes nor Ucp1-dependent
adaptive thermogenesis contributes to metabolic benefits
in Lkb1AKO mice.
Figure 4—Sympathetic activities in iWAT of Lkb1AKO mice. A: Quantitative PCR analysis of Ucp1 mRNA levels in iWAT from 8-week-old male
Lkb1f/f (CON) and Lkb1AKO mice housed at room temperature (RT) and thermoneutral conditions. Sample sizes: CON/RT (n = 12), Lkb1AKO/RT
(n = 9), CON/30°C (n = 6), and Lkb1AKO/30°C (n = 4). B: Immunoblots of phosphorylated (p-)PKA substrates, Ucp1, and Hsp90 in iWAT from;8-
week-old male CON and Lkb1AKO mice housed at RT or 30°C. C: Relative iWAT tissue catecholamine levels in ;8-week-old male CON
and Lkb1AKO mice. Sample sizes: CON (n = 5) and Lkb1AKO (n = 5). Representative tyrosine hydroxylase (Th) immunostaining (D) and counts
of Th+ fibers (E) in iWAT from ;8-week-old male CON and Lkb1AKO mice. Student t test: ns, not significant; **P < 0.01.
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Lkb1 Regulates Thermogenic Capacity in iBAT
Independently of Hdac4
Because Lkb1BKO, Lkb1AKO, and Lkb1;Hdac4AKO mice had
Lkb1 deficiency in classic brown adipocytes, we also inves-
tigated whether adaptive thermogenesis was affected in these
three mouse models. Their brown adipocyte morphology in
iBAT was not significantly altered, although Ucp1 expression
in iBAT exhibited a trend of upregulation in Lkb1AKO and
Lkb1BKO mice compared with controls (Supplementary Fig.
16A and B). However, Lkb1AKO mice were cold sensitive;
they failed to maintain their core temperature in a 4°C
cold tolerance test, although they could maintain their core
temperature when we group-housed mice during 4°C cold
challenge (Supplementary Fig. 16C). Hdac4 was also hypo-
phosphorylated in iBAT of Lkb1AKO mice (Supplementary
Fig. 16D). However, Hdac4 activation in BAT of Lkb1AKO
mice did not affect Ucp1 expression (Supplementary Fig. 16E).
The thermogenic defects in Lkb1AKO mice were Hdac4 in-
dependent; Lkb1;Hdac4AKO mice remained cold-sensitive as
Lkb1AKO mice (Supplementary Fig. 16F).
Recently, Shan et al. (43) showed that Lkb1AKO mice
exhibited enhanced adaptive thermogenesis and improved
metabolic performance under HFD. The discrepancy of the
role of Lkb1’s deficiency on adaptive thermogenesis could
originate from the use of different methodologies. For
example, we used single-housed animals for cold-tolerance
assay, because group-housed Lkb1AKO mice remained cold
resistant as littermate controls (Supplementary Fig. 15C).
Also, we normalized O2 consumption per lean body weight
or per mouse in CLAMS experiments, especially after HFD,
as previously suggested in the literature (44,45). Collec-
tively, our results suggest that Lkb1 regulates two different
pathways in iWAT and iBAT; in iWAT, Lkb1 regulates beige
adipocyte renaissance in an Hdac4-dependent manner
Figure 5—Adipocyte Hdac4 activation is required for beige adipocyte renaissance. A: Immunoblots showing pS245 and total Hdac4, pS587 and
total Sik2, phosphorylated (p-)PKA substrates, and Hsp90 in iWAT from 8-week-old male C57Bl/6J mice, before and 30 min after 1 mg kg21 CL
injection. B: Immunoblots showing pS245 and total Hdac4 and Hsp90 in isolated iWAT adipocytes from 8-week-old male Lkb1f/f (CON) and
Lkb1AKO mice. C: Representative H&E staining of iWAT of 8-week-old male CON, Hdac4AKO, and Lkb1;Hdac4AKO mice at NC. Scale bar:
100 mm; insert scale bar: 50 mm. D: Quantitative PCR analysis of Ucp1 mRNA levels in iWAT from 8-week-old male and female CON and
Lkb1;Hdac4AKO mice. Sample sizes: room temperature (RT) CON (n = 13), RT Hdac4AKO (n = 4), RT Lkb1;Hdac4AKO (n = 14), Cold CON (n = 7),
Cold Hdac4AKO (n = 7), Cold Lkb1;Hdac4AKO (n = 10), Cold+recovery CON (n = 18), Cold+recovery Hdac4AKO (n = 6), and Cold+recovery
Lkb1;Hdac4AKO (n = 13). E: Clustering analysis and heat map of differentially expressed genes (1.5-fold up or down) of iWAT from 8-week-old
male CON, Lkb1AKO, and Lkb1;Hdac4AKO mice at NC housed at RT. F: Pie chart analysis of Hdac4 dependency of upregulated genes. G: List of
gene ontology (GO) number, description, count, percentage, and Log10(p) value of the top five processes enriched in Hdac4-dependent genes
that were upregulated in Lkb1AKO mice. H: Quantitative PCR analysis of a panel of beige adipocyte selected genes in iWAT from 8-week-old
male and female CON, Lkb1AKO, Lkb1;Hdac4AKO, and Hdac4AKO mice. Sample sizes: CON (n = 10), Lkb1AKO (n = 8), Hdac4AKO (n = 4), and
Lkb1;Hdac4AKO (n = 10). Student t test: *P < 0.05; **P < 0.01.
diabetes.diabetesjournals.org Wang and Associates 2959
(Fig. 8), whereas in iBAT, it controls thermogenic capacity
independently of Hdac4. How Lkb1 signaling in iBAT reg-
ulates adaptive thermogenesis and energy homeostasis re-
quires further studies.
DISCUSSION
Multiple lines of investigations have established that beige
adipocytes arose from either de novo adipogenesis from
progenitors or transdifferentiation from white adipocytes
under various conditions (23,24,31,33,35,46). Lee et al. (24)
and Contreras et al. (28) previously reported that iWAT
denervation at 3 weeks of age impaired CL’s ability to re-
instate beige adipocyte characteristics at the adult stage.
However, the underlying cellular and molecular mechanisms
are not addressed. Our studies indicate that cold induces
beige adipocyte renaissance in adult mice; it restores the
beiging properties in the postnatal beige adipocytes, which
have lost their beige properties in iWAT in adulthood. At
the morphological level, our renaissance model is similar to
the transdifferentiation model; both suggest a drastic
white-to-beige morphology change without new adipo-
cyte formation. However, the distinct feature of beige
adipocyte renaissance is that white-like adipocyte con-
verted to beige adipocyte by cold was once Ucp1+ beige
adipocyte during postnatal development. Thus, not every
white adipocyte in iWAT can be transdifferentiated to beige
adipocyte in response to cold. Rosenwald et al. (23) had also
reported that .70% of cold-induced beige adipocytes came
Figure 6—Adipocyte Lkb1-deficient mice exhibit improved metabolic performances under HFD independently of beige adipocyte expansion.
A: Quantitative PCR analysis of Ucp1 mRNA levels in iWAT from 10–12-week-old male Lkb1f/f (CON), Lkb1BKO, and Lkb1AKO mice after 4- to
5-week HFD. Sample sizes: CON (n = 18), Lkb1AKO (n = 10), and Lkb1BKO (n = 6). B: Representative H&E staining of iWAT from male CON,
Lkb1BKO, and Lkb1AKO mice after 4- to 5-week HFD. Scale bar: 50 mm. Arrows indicate multilocular beige adipocytes. Body weight (C) and body
weight gain (D) upon HFD of male CON, Lkb1BKO, and Lkb1AKO mice. Sample sizes: CON (n = 71), Lkb1BKO (n = 30), and Lkb1AKO (n = 34). E:
Insulin tolerance tests of male CON, Lkb1BKO, and Lkb1AKO mice after HFD. Sample sizes: CON (n = 30), Lkb1AKO (n = 28), and Lkb1BKO (n = 9).
Body weight (F) and body weight gain (G) upon HFD of male CON, Hdac4AKO, and Lkb1;Hdac4AKO mice. Sample sizes: CON (n = 13), Hdac4AKO
(n = 5), and Lkb1;Hdac4AKO (n = 11). H: Insulin tolerance test of male CON and Lkb1;Hdac4AKO mice after 4- to 5-week HFD. Sample sizes: CON
(n = 7), Hdac4AKO (n = 5), and Lkb1;Hdac4AKO (n = 9). Student t test: ns: not significant; *P < 0.05; **P < 0.01.
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from white adipocytes with Ucp1-expressing memory. Based
on lineage-tracing experiments using Ucp1-Cre;Rosa-mT/mG mice
(Fig. 1D–G), we expected that at adult stage, ;30% of cells
in iWAT were Ucp1+ at 3 weeks of age, and they could regain
Ucp1 expression and other beiging properties after cold
stimulation. This number is in agreement with previous studies;
both Lee et al. (24) and Berry et al. (35) showed 30–40% of
cold-induced beige adipocytes were from preexisting white adi-
pocytes labeled by adiponectin-CreERT2 in adult mice.
Beige adipocyte renaissance may be the default mechanism
of beige adipocyte formation in iWAT, which can provide a
rapid adaptive response to cold (restoring thermogenic machin-
ery rather than generating new thermogenic adipocytes). The de
novo beige adipocyte adipogenesis program can be activated
under persistent cold stimulation (33) or in the absence of
beige adipocyte renaissance. Interestingly, postnatal beige
adipocytes may potentially stimulate recruitment of progenitors
upon cold stimulation, because postnatal beige adipocyte ablation
suppressed cold-induced beige adipocyte formation from pro-
genitors (Fig. 2F). Notably, beige adipocyte renaissance is a
depot-specific phenomenon; it does not occur in eWAT.
We further delineate an Lkb1-Hdac4–dependent mecha-
nism in white adipocytes that governs the beige adipocyte
renaissance noncell autonomously (Fig. 8). Lkb1AKO mice
exhibited persistent beige adipocyte population regardless
of cold stimulation, whereas removing Hdac4 in Lkb1AKO
mice restored responsiveness to cold (Fig. 5D), suggesting
that Hdac4 activation in adipocytes determines dynamic
behavior of beige adipocytes. Further studies are warranted
to investigate how beige adipocytes reprogram during their
transitions (beige to white and to beige again by cold) and
what are the Hdac4-dependent and white adipocyte–
derived signals that maintain characteristics of preexisting
beige adipocytes in iWAT.
Classic brown adipocytes and beige adipocytes are
capable of Ucp1-dependent thermogenesis. The classic brown
adipocytes may be the major heat-producing Ucp1+ adipocytes
in the setting of hypothermia. In our Ucp1-Cre;Rosa-iDTR
mice, iBAT regeneration occurred rapidly after DT-mediated
ablation of all Ucp1+ brown and beige adipocytes. The
regenerated iBAT itself sufficiently rendered cold resistance
regardless of beige adipocyte numbers. However, beige ad-
ipocytes could contribute to thermogenesis significantly in
the absence of functional iBAT. Mice lacking Bmpr1a in
Myf5+ lineage cells exhibited iBAT defect and compensatory
increase in beige adipocytes (47). However, a compensatory
increase of sympathetic inputs to iWAT at room tempera-
ture was not observed in Lkb1AKO mice. One of possible
explanations is that metabolic reprogramming in mitochon-
dria caused by Lkb1 deficiency (48) might be sufficient to
cope with mild cold stress (room-temperature housing), but
not with strong cold stress (4°C cold-tolerance test).
Improved metabolic performance accompanied by beige
adipocyte expansion was also observed in Ucp1 KO mice
Figure 7—Ucp1-mediated adaptive thermogenesis does not contribute to metabolic benefits in Lkb1AKO mice under HFD. A: Quantitative PCR
analysis of Dio2, Pgc1a, Cidea, and Cox8b mRNA levels in iWAT from male Lkb1f/f (CON), Lkb1AKO, Ucp1 KO, and double Lkb1AKO;Ucp1 KO mice
after 4-week HFD. Sample sizes: CON (n = 6; genotype: Lkb1f/f), Lkb1AKO (n = 4), Ucp1 KO (n = 4; genotype: Lkb1f/f;Ucp1 KO), and Lkb1AKO;Ucp1
KO (n = 9). B: Representative H&E staining of iWAT from male Ucp1 KO and Lkb1AKO;Ucp1 KO mice after 4- to 5-week HFD. Scale bar: 50 mm.
Arrows indicatemultilocular beige adipocytes. Bodyweight (C) and body weight gain (D) upon HFD of male CON, Lkb1AKO;Ucp1 heterozygotes (het),
and Lkb1AKO;Ucp1 KO mice. Sample sizes: CON (n = 12, including 4 Lkb1f/f;Ucp1 het and 8 Lkb1f/f;Ucp1 KO), Lkb1AKO;Ucp1 het (n = 5), and
Lkb1AKO;Ucp1 KO (n = 7). Student t test: *P < 0.05; **P < 0.01.
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alone or together with the inactivation of the glycerol
phosphate cycle (49,50); however, it has not been demon-
strated whether expanded beige adipocytes did functionally
contribute to their elevated energy expenditure and/or de-
creased adiposity under HFD in vivo. Our studies suggest
that thermogenic capacity and metabolic homeostasis are
uncoupled in Lkb1AKO mice. For example, mice with Ucp1-
Cre–mediated deletion of Lkb1 specifically in brown and
beige adipocytes, the Lkb1BKO mice, showed similar meta-
bolic improvements under HFD without beige adipocyte
expansion. This suggests that Lkb1 deficiency in iBAT alone
may improve metabolic performances in Lkb1AKO mice, al-
though we cannot absolutely rule out possible contributions
of Lkb1 deletion in other adipose depots. Beige adipocyte
expansion is dependent on Hdac4 activation in white adi-
pocytes. Removing Hdac4 demolishes beige adipocyte pop-
ulation in iWAT of Lkb1AKO mice in adult mice without
thermogenic or metabolic consequences. Therefore, beige
adipocytes do not contribute to metabolic benefits observed
in Lkb1AKO mice. However, beige adipocytes may influence
energy homeostasis through thermogenic and nonthermo-
genic functions in other settings. Because Lkb1 regulates
the SIK-Hdac4 pathway specifically in white adipocytes to
promote beige adipocyte renaissance in adult mice, addi-
tional animal models that only target the Lkb1-dependent
beige adipocyte renaissance program and spontaneously
preserve iBAT thermogenesis may reveal specific functions
of beige adipocytes and novel therapeutic approaches to
tackle metabolic disorders.
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